For the realization of a stacked volumetric optical disk (SVOD) system, 92-μm-thick optical disks were developed whose read/write characteristics are comparable to 1.2-mm-thick optical disks. The development difficulty of the thin optical disks was the achievement of stable rotation equivalent to 1.2-mm-thick optical disks. This report presents the results of studies conducted to improve the axial accelerations of thin optical disks on 8 speed (27.92 m/s) based on the digital versatile disc recordable (DVD-R) format. Our studies showed improvements of the transparent glass disk stabilizer and the smoothing of the thin optical disk surface. Axial accelerations were improved to a practical level less than 73 m/s 2 based on 8 DVD-R specifi cations.
Introduction
Optical disks with a long life and high reliability due to non-contact between the pickup head and the disk are suitable for data storage. However, hard disk drives and computer tapes are mainly used for data storage since their capacities are almost ten times larger than those of optical disks. To increase the capacity of optical disks, we developed stacked volumetric optical disks (SVOD) and achieved a cartridge with a capacity of over one terabyte using a commercialized drive and conventional recording layers. 1 7 When 100 sheets of 92-μm-thick optical disk are stacked in a small cartridge, its data capacity becomes 100 times larger than that of a conventional 1.2-mm-thick optical disk with a single recording layer. 1 Using a compact disk changer, one thin optical disk is removed from the small cartridge. 3 The thin optical disks can be operated with a commercialized drive. 2 Concerning the read/write method for thin optical disks, Goto et al. and Onagi et al. reported a lensless optical head and a rod-type stabilizer, respectively. 8, 9 However, these solutions require a development period for the production of a new drive with a lensless optical head or a rod-type stabilizer. In SVOD, the compact disk changer for the thin optical disks can be realized rapidly and inexpensively because conventional drive technologies can be used.
Thin optical disks were developed to realize a stacked volumetric optical disk (SVOD) system. The development challenge presented by the thin optical disks was achieving stable rotation equivalent to 1.2-mm-thick optical disks. This report presents the results of studies conducted to improve the axial accelerations of thin optical disks on 8 speed (27.92 m/ s) based on the digital versatile disc recordable (DVD-R) format. Our studies show the improvements of a transparent glass disk stabilizer and the smoothing of the thin optical disk surface. The following excellent results were obtained using the technology detailed in this report: (1) Recording power margin comparable to 1.2-mm-thick optical disks was achieved in the thin optical disks with a red laser on 8 speed (27.92 m/s).
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(2) Acceptable read/write characteristics for practical use were achieved in the thin optical disks with a blue laser. 6 (3) Acceptable mechanical characteristics for the focus capability of a commercialized drive were achieved in the thin optical disks with an ultrahigh-speed rotation of 15,000 rpm. 7 With the developed thin optical disks, SVOD might be able to surpass even hard disk drives and computer tapes.
The rest of this paper is organized as follows. The next section presents our methodology and the experimental setup. Section 3 briefl y reviews the aerodynamic stabilizer (ADS). The improvements of the transparent glass disk stabilizer are discussed in Section 4. The smoothing of the thin optical disk surface is discussed in Section 5. Finally, we provide our conclusions in Section 6.
Experimental methodology
A schematic diagram of the test setup is shown in Fig. 1 . The thin optical disks shaped by nanoimprinting are 92-μm thick and 120 mm in diameter. The 92-μ m-thick polycarbonate cover sheets typically used in Blu-ray discs were converted because fabricating a 92-μm-thick substrate by injection is difficult. The stamper grooves were pressed into the sheets by nanoimprinting. A stamper designed based on the 8 speed DVD-R format was used to fabricate the thin optical disks. An organic dye recording layer, a metal reflective film, and an ultraviolet (UV) resin layer were stacked on the nanoimprinted sheet. The axial accelerations of the thin optical disks were measured by a laser doppler vibrometer. The measured radii of the inner, middle, and outer areas were 24, 40, and 56 mm, respectively. Therefore, rotation speeds equivalent to 27.92 m/s of the 8 speed (20.94 m/s of the 6 speed in the inner area) were 8,332, 6,665, and 4,761 rpm, respectively. The frequency spectra of the velocity of the axial runout of the thin optical disks were measured by a laser doppler vibrometer and a spectrum analyzer with 16 462 speed in the outer area. The axial displacements of the thin optical disk surface of a static condition unaffected by centrifugal force were measured by a laser displacement meter with adequate low rotation speed (5 rpm).
Aerodynamic stabilizer
The axial runouts of a rigid disk are described by the following equation:
where y r (t) is the axial runout of a rigid disk and δ is the amplitude. On the other hand, the axial runouts of the thin optical disks are described by the following equation because the substrate is fl exible:
where y f (t) is the axial runout of the thin optical disk, A(t) is the synchronized fl uctuation component for the disk rotation speed, and B(t) is the asynchronous fl uctuation component for the disk rotation speed. Disk deformation and air vibration surrounding the thin optical disk are considered sources of A(t) and B(t), respectively. Therefore, A t and B t must be reduced to decrease axial acceleration af(t) of the thin optical disk defi ned by Eq. (3):
An aerodynamic stabilizer (ADS) was developed to reduce A t and B t . ADS, which is described in the background of the improvements in Section 4, consists of a 0.5-mm-thick transparent glass disk and a spacer. The 0.5-mm-thick transparent glass disk is equipped with eight air holes in the disk center part (Fig. 2) . The spacer is inserted in the gap between the thin optical disk and the 0.5-mm-thick transparent glass disk (Fig. 1 ). ADS has two functions. One is as an optical compensator. The thin optical disks become optically compatible with DVD-R by using ADS. This function is required if the pickup head of a conventional DVD drive is used. The other stabilizes the thin optical disk rotation. The air pressure in the gap between the glass disk with air holes and the thin optical disk rotated together on a spindle motor was analyzed by simulation. 7 The air pressure from an air hole edge to the outer area was negative because the air in the gap was drawn from the outer gap by centrifugal forces. Then because air fl ows into the gap through the air holes, airfl ow arises in the gap. The airflow was stable without turbulent flow as determined by simulation analysis. 6 This stable airfl ow serves as an air damper that reduces A t and B t . (3) is just the ADS setup. The axial accelerations in the inner area were almost the same among the different conditions ( Fig. 3 (a) ). However, different tendencies were confi rmed in the middle and outer areas. In the middle area data (Fig. 3 (b) ), the axial accelerations decreased with increasing disk rotation speed in the ADS setup. In the outer area data (Fig. 3 (c) ), the improvement effect of the ADS setup became more marked. In addition, axial accelerations decreased in condition (2) (with air holes). As a result, the specifi cation value (73 m/s 2 ) on the 8 speed was satisfi ed in the middle area by using ADS, but not in the inner and outer areas. For comparison, the axial runouts of the thin optical disks with stabilizer conditions (1), (2) , and (3) all satisfi ed the specifi cation value (peak-to-peak value of 150 μm) on 8 speed in the whole area.
Transparent glass disk stabilizer improvements
Figures 4 (a), (b), and (c) show the results of spacer thickness optimization conducted to further improve the axial accelerations in the inner and outer areas. Axial accelerations were improved less than 73 m/s 2 by modifying the 0.2-mmthick spacer in the inner area data (Fig. 4 (a) ). The axial accelerations became even smaller using a thicker spacer (0.2 and 0.3 mm) in the middle area data (Fig. 4 (b) ). However, in the outer area data (Fig. 4 (c) ), almost no difference was caused in the axial accelerations by modifi cations among the 0.1-, 0.2-, and 0.3-mm-thick spacers. In addition, the axial accelerations increased by using a thicker spacer (0.2 and 0.3 mm) at high rotation speeds. For stabilizer improvements, which are the addition of air holes and the application of a 0.2-mm-thick spacer, the improvements of the axial accelerations of the thin optical disks were smaller than the 8 speed specification (73 m/s 2 ) in the inner and middle areas. However, further decrease over values of 70 m/s 2 is needed in the outer area.
Large differences of axial accelerations among each stabilizer condition or each spacer thickness were confi rmed in the outer area. Therefore, the frequency spectra of the velocity of the axial runouts were investigated (Figs. 5 (a) and  (b) ). The vertical scale is decibels per m/s (0 dB = 1 m/s) in root-mean-square velocity (v rms ): Root-mean-square velocity (v rms ) is defi ned by Eq. (4), and N is a sample number. Fig. 5 (a) shows the comparison results of the different stabilizer conditions. When using a normal glass disk without air holes, the peak values of the high-order harmonics of 158.7 Hz in the disk rotation frequency became larger than when using the glass disk with air holes. The deformations of the thin optical disk surface by the partial contacts of the thin optical and normal glass disks probably caused the large peak values obtained using the normal glass disk without air holes. The deformations become the factor of the A t increase. The following explains the occurrence of the partial contacts. When using the normal glass disk, the airfl ow does not continually fl ow in the gap between the thin optical and normal glass disks because there are no air holes. Then partial contacts arise because the gap becomes a vacuum. Except for the peaks, the noise contents were smaller than those of the other stabilizer conditions with the normal glass disk. Because the thin optical and normal glass disks are rotating monolithically by the partial contacts, noise contents comparable to a glass disk, which does not have B t , were obtained. When using the glass disk with air holes, the peak values and noise contents were larger than those of the ADS setup with a spacer. Without the spacer, an adequate fl ow path cannot be ensured because there is no space above the air holes. Therefore, the airflow required to reduce A t and B t becomes unstable. However, in the ADS setup, the airfl ow is stable because there is adequate space above the air holes from the spacer. As a result, the peak values and noise contents were improved with the ADS setup. where Re is the Reynolds number for the thin optical and glass disks assumed to be parallel disks, U is the linear velocity of the disks, d is their clearance, and ν is the dynamic coeffi cient of the air viscosity. ν used 15.4 10 6 m 2 /s (at 25 C), because the air pressure of the gap by a simulation analysis was suffi ciently low compared to 1 atmosphere. According to Eq. (5), the airflow becomes more stable in a condition of less clearance d because Re becomes small. Additionally, the axial accelerations improved because B t is decreased by the airfl ow stabilization. However, the above tendency was not obtained in the inner and middle areas (Figs. 4 (a) and (b) ) because the thin optical and glass disk surfaces are not parallel by the deformations of the thin optical disk surface. Fig. 6 shows the relation of Re and the axial acceleration in the inner, middle, and outer areas measured by a thin optical disk with improved surface deformations. The improvement of the surface deformations is described in Section 5. The relation of Re and the axial acceleration showed correlation in the conditions of high rotation speeds of 10,000 and 15,000 rpm. Therefore, the axial accelerations can be improved by thinning the spacer based on Eq. (5) in the high-speed rotation condition. Since the cause limited the conditions of the high rotation speed, the thin optical and glass disk surfaces became closer to being parallel by centrifugal force.
Smoothing of thin optical disk surface
As a result of the study of stabilizer improvements, the axial accelerations in the outer area did not satisfy the 8 DVD-R specification. A study of thin optical disk surface smoothing was conducted to obtain additional improvements. Due to deformations of the thin optical disk surface, the fi lm stress of the refl ective fi lm and heat deformation by sputtering the reflective film were considered. The reflective film was optimized to scale back the infl uence of the causes. Figures 7 (a) , (b), and (c) are the surface scanning results of thin optical disks with 160-, 110-, and 50-nm-thick refl ective film using a laser displacement meter, respectively. Large convex deformations were observed in the middle area of the reference disk with the 160-nm-thick reflective film (Fig. 7  (a) ). The large convex deformations became smaller by reducing the thickness of the refl ective fi lm to 50 nm (Figs. 7 (b) and (c)). In reflective film sputtering, the maximum temperatures of the thin optical disk surface were low enough (less than 45 C) in every refl ective fi lm thickness condition. Therefore, compressive stress as the film stress of the reflective film is considered the cause of the convex deformations, not heat deformation by sputtering. Fig. 8 (a) shows the relationship between the maximum axial displacement and the reflective film thickness. The deformations by fi lm stress became the lowest by reducing the refl ective fi lm thickness to 50 nm. The axial displacements in the middle area were decreased to one sixth. Fig. 8 (b) shows the relation of refl ective fi lm thickness and axial acceleration. Reducing the reflective film thickness decreased the axial accelerations because the thin optical disk surface becomes fl at. In particular, the value of the axial accelerations in the outer area marked a 100 m/s 2 decrease by reducing the reflective film thickness to 50 nm. By smoothing the thin optical disk surface, the axial accelerations of the thin optical disks with 8 speed (27.92 m/s) satisfied the 8 DVD-R specifi cation (73 m/s 2 ) in the whole area. 
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On the other hand, sputtering heat is also considered one of the causes of the deformations of the thin optical disk surface. To investigate the effects of sputtering heat, the maximum temperature of the thin optical disk surface was varied by sputter power by limiting the reflective film thickness to 50 nm. Figs. 7 (d) and (e) show the surface scanning results of the maximum temperature, 75 C and 55 C, respectively. The surface became concave by outside deformation (Figs. 7 (d) and 7 (e)) due to the thermal stress described by the following equation:
where σ f is the thermal stress of the film, E is the Young's modulus of the fi lm, α s is the linear coeffi cient of the substrate expansion, α f is the linear coeffi cient of the fi lm expansion, T a is the temperature after heating, and T b is the temperature before heating. The linear coeffi cients of the expansion of the polycarbonate and the silver-alloy are 8 10 5 and 2 10 5 , respectively. The fi lm is subjected to compressive stress due to α s > α f . Fig. 9 (a) shows the relationship between the maximum axial displacement and the maximum achieved temperature. The outside deformation became large by increasing the temperature (Eq. (6)). Fig. 9 (b) shows the relation between the maximum achieved temperature and axial acceleration. Because the thin optical disk surface becomes concave, increasing the maximum achieved temperature increased the axial accelerations. In particular, the value of the axial accelerations in the middle and outer areas marked about a 100 m/s 2 increase by increasing the maximum achieved temperature to 75 C. Thus, smoothing the thin optical disk surface by decreasing the film stress and sputtering heat is important to improve the axial acceleration of thin optical disks.
(a) (b) Fig. 9 (a) Axial displacements and (b) axial accelerations of thin optical disks for maximum achieved temperature of thin optical disk surface under refl ective fi lm sputtering.
Conclusion
Axial acceleration improvement of 92-μm-thick thin optical disks of a stacked volumetric optical disk (SVOD) system was studied to realize writing on 8 speed (27.92 m/s) based on the DVD-R format. As a result of stabilizer improvement and reflective film optimization studies of thin optical disks, the following techniques were achieved: (1) prevention of partial contacts of the thin optical and glass disks, (2) stabilization of airfl ow in the gap between the thin optical and glass disks, and (3) smoothing of the thin optical disk surface. Using these improved techniques, the axial accelerations of the thin optical disk's whole area were improved to lower than specifi cation 73 m/s 2 based on the 8 DVD-R format. The stability rotation techniques of the thin optical disks obtained from the studies of our report can be used for reading and writing with a blue laser. When a blue laser is set up in the SVOD system, the capacity of a compact cartridge with a thin optical disk with 100 sheets is upgraded from one to five terabytes. Additionally, 10-terabyte capacity is feasible if thin optical disks with a dual recording layer are used.
